At high concentrations, these molecules can induce oxidative damage to cellular structure oxidizing proteins, lipids and nucleic acids, playing in this way a key role in transduction of the chilling injury (Lukatkin 2002 , Hu et al. 2008 . However, at lower concentrations, ROS can exert a positive function as signalling molecules which are able to elicit a plant protective response. Plants have developed a complex antioxidant defense machinery both enzymatic and non-enzymatic. The low molecular weight of antioxidants ascorbate and glutathione can cooperate with the enzymes of the ascorbateglutathione cycle, such as ascorbate peroxidase (APX) to scavenge ROS. Glutathione peroxidase (GPX), guaiacol peroxidase (POX) and catalase (CAT) are other important enzymes that are able to detoxify hydrogen peroxide (Mittler 2002) . The capacity of plants to withstand restrictive environmental conditions mostly depends on their ability to activate an adequate antioxidant response. The exposure of a plant to a chilling temperature, called cold acclimation, can induce molecular, biochemical and physiological changes leading to a higher cold tolerance (Sanghera et al. 2011) .
With the aim of having a greater insight into the mechanisms underlying the different cold tolerance in the two species, oxidative stress and antioxidant response were studied in seedlings of J. curcas and J. macrocarpa treated with low nonfreezing temperatures with or without a previous acclimation period. The study focuses on evaluation of different mechanisms activated in cold conditions and whether the period of acclimation could improve the performance of the two species under study.
MATERIAL AND METHODS
Experimental design. Seeds of Jatropha curcas L. and J. macrocarpa Griseb. (Secretary of Agriculture and Natural Resources from La Rioja, Argentina: 29°26'S, 66°50'W) were surface-sterilized using 5% sodium hypochlorite. The seeds were dehulled to break physical dormancy and germinated in Petri dishes. After five days 30 seedlings were planted in pots filled with agricultural soil and transferred to a growth chamber at 28°C, with 14-h light (400 μmol/m 2 /s). Ten plants were left at 28°C (control); the other twenty plants were treated with low temperatures. In detail, 10 plants were transferred after 45 days to a growth chamber at 15°C for five days (acclimated); the other ten plants were kept at 28°C (non-acclimated). Acclimated and non-acclimated plants were transferred to a growth chamber at 4°C for two days.
Water content, relative water content and pigments. The percentage of leaf water content percentage was estimated on the fresh weight basis with the formula:
Where: FW -fresh weight; DW -dry weight.
The leaf relative water content (RWC) was determined according to Balestri et al. (2014) and calculated with the formula:
Where: TW -turgid weight.
The fresh weight was obtained by weighing the fresh leaves. Turgid weight was determined after water immersion of leaves overnight. The leaves were then dried in an oven at 60°C to constant weight and reweighed to obtain the dry weight.
Chlorophylls (a, b and total) and carotenoids were extracted from leaves and determined, according to Hassanzadeh et al. (2009) and to Lichtenthaler (1987) , respectively.
Hydrogen peroxide and thiobarbituric acid reactive substances (TBARS). Hydrogen peroxide (H 2 O 2 ) content was determined in leaves according to Jana and Choudhuri (1982) . Lipid peroxidation in leaves was estimated by determining the amount of TBARS according to Wang et al. (2013) with minor modifications. The leaves were homogenized with 5% trichloroacetic acid (TCA) and the extraction solution was mixed with TBA reagent (5% w/v TCA + 0.5% w/v thiobarbituric acid). The level of TBARS was measured as specific absorbance at 532 nm by subtracting the non-specific absorbance at 600 nm.
Ascorbate and glutathione. Ascorbate (ASA) was extracted from leaves and determined according to Kampfenkel et al. (1995) with minor modifications. Total ascorbate was determined after the reduction of dehydroascorbate to ASA by dithiothreitol. Glutathione was extracted and determined in leaves according to Gossett et al. (1994) by the 5,5'-dithio-bis-nitrobenzoic acid (DTNB)-glutathione reductase recycling.
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Protein content was determined according to Bradford (1976) , using bovine serum albumin as standard.
Statistical analysis. The reported data were the mean of at least three (until nine) replicates in each experimental group (pools of leaves derived from ten plants). Statistical significance was determined by ANOVA tests followed by post hoc Bonferroni multiple comparison test. Post hoc statistical significance (P < 0.05) is indicated in figures and tables by different letters.
RESULTS AND DISCUSSION
The present results show that cold treatment induced different responses in terms of hydric state, pigment content, oxidative damage markers and antioxidant machinery activation in J. curcas and J. macrocarpa.
The fact that high water content makes plants more susceptible to mechanical damage from freezing has been accepted for a long time and the ability of plants to reduce their water content during acclimation is generally considered necessary to attain freezing tolerance by reducing the rate of ice formation and growth (Gusta et al. 2004) . While the cold treatment always induced a decrease in water content, only J. macrocarpa reduced it during the acclimation period (Figure 1 ). Relative water content is probably the most appropriate parameter for determining water status of plants as the physiological consequence of cellular water deficit. J. macrocarpa dramatically reduced its relative water content (Figure 1) showing, unlike J. curcas, a typical response of hardening plants (Hao et al. 2009 ). In fact, the decline in RWC could be the result of osmotic adjustment, correlated to the increase in frost tolerance (Burchett et al. 2006) .
Following the cold treatment, in accordance with its hardiness, J. macrocarpa showed a significant increase in pigment content, which was necessary to maintain the photosynthetic process in restrictive conditions, and the maximum values characterized acclimated plants (Table 1 ). The higher chlorophyll content always recorded in J. macrocarpa is in accordance with its higher numbers of palisade layers (Tavecchio et al. 2016 ). In comparison with control plants, the increase, of carotenoids/total chl ratio (Table 1) in cold-treated J. macrocarpa leaves could ensure greater protection, thanks to the activity of non-photochemical quenching, typical of carotenoids, in restrictive conditions. The cold-induced decrease in chl a/b ratio (Table 1) in J. curcas could be the symptom of a higher investment in antenna enhancing incident light capitation in stress conditions with increased probability of photoinhibition (Bascuñán-Godoy et al. 2012) .
Hydrogen peroxide is a relatively stable ROS induced in plants by many stress conditions. An adaptive role has been suggested for H 2 O 2 in increasing chilling tolerance in maize (Prasad et al. 1994 ) and in tomato (Zhou et al. 2012) . J. macrocarpa had hydrogen peroxide contents always significantly lower than J. curcas but its ability to increase the content of this signalling molecule, in cold conditions able to elicit a plant protective response, can be considered as an adaptive trait ( Figure 2 ).
The maximum values of TBARS, an indirect measure of lipid peroxidation and of membrane damage, were always detected in acclimated plants (Figure 2 ). It should be noted that the damage was always lower in J. macrocarpa than in J. curcas under the same treatment. No positive correlation was observed between hydrogen peroxide content and TBARS, suggesting that membrane damage was not, or at least not completely, H 2 O 2 -dependent.
The pattern of enzymatic and non-enzymatic antioxidants differed in J. curcas and J. macrocarpa (Table 1 ). The role of ascorbate and glutathione in plant stress tolerance has been emphasized (Lukatkin and Anjum 2014) . While there were not major differences in ascorbate concentration among the treatments, glutathione showed the most dramatic changes with particularly high values in acclimated plants ( Table 2 ). The concentrations of GSH were always higher in J. macrocarpa than in J. curcas (Table 2 ). This could be another important adaptive trait, as data in literature envisage the role of glutathione in protecting plants from low temperatures (Kocsy et al. 2001 (Kocsy et al. , 2002 . The strong increase in glutathione content could largely compensate for the slight decrease in ascorbate concentration recorded in J. macrocarpa (Table 2) .
The patterns of antioxidant enzymes were different in the two species (Table 2) and on the whole, the major differences were recorded in the APX activity of J. curcas where in cold-treated plants the activity of this enzyme decreased by more than six times compared to the control. An important protective action of APX at low temperatures has been hypothesized (Wang et al. 2005 ) and the increase in APX activity in cold-treated J. macrocarpa, together with the relatively higher CAT activities could compensate for the relatively low POX activities.
In conclusion, the key features that differentiate J. macrocarpa from J. curcas consist in its ability 
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Vol. 63, 2017 , No. 6: 271-276 Plant Soil Environ. doi: 10.17221/182/2017 to accumulate relatively high concentrations of pigments glutathione in cold conditions, and in its significantly higher activities of APX as a response to the increase in hydrogen peroxide content. The ability to accumulate high concentrations of these protective molecules in cold conditions, in particular after acclimation, could explain the greater resistance to low temperatures of J. macrocarpa. Acclimation was not able to improve the cold tolerance of J. curcas confirming its limited adaptability to arid areas with freezing temperatures. Values are means of at least three replications ± standard errors. Different letters denote significant differences at P < 0.05. FW -fresh weight; APX -ascorbate peroxidase; GPX -glutathione peroxidase; POX -guaiacol peroxidase; CAT -catalase; U -enzymatic units
